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We describe the application of capillary liquid chromatography (LC) time-of-flight (TOF) mass
spectrometric instrumentation for the rapid characterization of microbial proteomes. Previ-
ously (Lipton et al., Proc. Natl. Acad. Sci. U.S.A. 2002, 99, 11049) the peptides from a series of
growth conditions of Deinococcus radiodurans have been characterized using capillary LC
MS/MS and accurate mass measurements which are captured as an accurate mass and time
(AMT) tag database. Using this AMT tag database, detected peptides can be assigned using
measurements obtained on a TOF due to the additional use of elution time data as a constraint.
When peptide matches are obtained using AMT tags (i.e., using both constraints) unique
matches of a mass spectral peak occurs 88% of the time. Not only are AMT tag matches unique
in most cases, the coverage of the proteome is high;3500 unique peptide AMT tags are found
on average per capillary LC run. From the results of the AMT tag database search, 900 ORFs
detected using LC-TOFMS, with 500 ORFs covered by at least two AMT tags. These results
indicate that AMT database searches with modest mass and elution time criteria can provide
proteomic information for approximately one thousand proteins in a single run of 3 h. The
advantage of this method over using MS/MS based techniques is the large number of
identifications that occur in a single experiment as well as the basis for improved quantitation.
For MS/MS experiments, the number of peptide identifications is severely restricted because
of the time required to dissociate the peptides individually. These results demonstrate the
utility of the AMT tag approach using capillary LC-TOF MS instruments, and also show that
AMT tags developed using other instrumentation can be effectively utilized. (J Am Soc Mass
Spectrom 2003, 14, 980–991) © 2003 American Society for Mass Spectrometry
The two dominant separation methods used inproteomics are 2-dimensional gel electrophoresis[1] and, increasingly, liquid chromatography
(LC) [2]. The first use of LC to obtain sequence infor-
mation from proteins was by Fredrick Sanger in the
1940s and LC separation methods have experienced
rapidly growing use since online LC-MS analysis based
upon electrospray ionization (ESI) was demonstrated in
the early 1990s [3–7]. Although most early efforts were
used for analysis of peptides from digests of nominally
isolated proteins, of most interest currently are methods
that can be used to analyze as many as hundreds of
thousands of separate species from a single organism or
sample with high reproducibility from run-to-run.
State-of-the-art technologies for proteomics continually
demand higher performance, e.g., high pressure chro-
matography [8] or use of multiple LC separation dimen-
sions [9]. Our laboratory has focused on an approach
using LC separations with highly accurate Fourier-
transform ion cyclotron resonance mass spectrometry
(FT-ICR) mass spectrometry measure to provide more
sensitive and comprehensive proteome analyses based
on the concept of accurate mass and time (AMT) tags
[10].
Because of the complex nature of proteomics, most
methodologies use several separation and mass spec-
trometric steps, including a MS/MS analysis step fol-
lowed by a algorithmic comparison (via SEQUEST [11]
or MASCOT [12]) of this data against a database of
proteins derived from genomic sequencing. However,
the time required to obtain an adequate MS/MS spec-
trum in addition to the processing requirements for
these spectra has increasingly made this step a bottle-
neck in proteome studies. Consequently, to harvest the
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maximum amount of information from a capillary LC
dataset, we have focused upon greater utilization of
accurate mass and retention time information [8, 13].
Approaches using accurate mass measurements of
peptide masses rather than for acquisition of MS/MS
information are particularly useful for quantitative
analysis. Because these methods often involve the mea-
surement of peptides with a natural isotope and a stable
isotope enriched tag, accurate mass measurements are
useful in identifying characteristic mass differences for
these species. Both time-of-flight (TOF) [14] and FTICR
[15] methods have been used to obtain protein expres-
sion information using stable isotope incorporation or
isotope affinity coded tags. With TOF, accuracies of10
ppm are obtainable given a signal sufficiently large to
provide reasonable peak shape [16], and the increasing
resolution of this technology (m/m now exceeds
10,000) should allow for measurements of increasingly
complex systems. Key to the increased accuracy of TOF
over the last decade are improvements in TOF design
including orthogonal ion injection, delayed-extraction
[17], ion mirrors [18], and ion collisional cooling [19, 20].
In the AMT tag approach [21] to proteomics involves
the combined use of accurate mass measurement and
LC elution time information to increase peptide identi-
fication confidence [22]. The AMT tag approach is well
suited to take advantage of the improving accuracies
provided by TOF instruments. In previous work, FTICR
measurements have been used to validate identifica-
tions from ion-trap MS/MS experiments, effectively
improving greatly the confidence of identification with-
out elimination of many “true positives.” Under opti-
mal conditions, FTICR measurements can achieve 100
ppb to 1 ppm accuracy for peptides [23–25], although
accuracies can fluctuate more under the effect of large
ion population variations. With the AMT tag approach,
it is clear that improvement of the accuracy of mass
measurements enables more comprehensive proteome
characterization, especially for more complex eukary-
otic organisms [21]. However, as shown by our initial
studies, there is no “magic” level of mass accuracy that
either allows or disallows the use of AMT tags [10].
However, the better the MMA achieved, the more
comprehensive the proteome coverage that will be
achieved (i.e., the greater the fraction of peptide masses
that will be unique within the context of the proteome
being studied).
In this study, we explore using the AMT tag proce-
dure with 10 ppm mass accuracy obtained with ESI-
orthogonal TOF instrument and using a set of AMT tags
developed using capillary LC-FTICR measurements for
Deinococcus radiodurans [26, 27], an organism being
studied because of its application to bioremediation. A
key aspect of this work is the augmentation of accurate
mass measurements with the known peptide elution
times to improve the overall specificity of the analysis
[13].
Experimental
Sample Preparation
The organism Deinococcus radiodurans (strain R1) was
grown in minimal media (MM) and harvested either at
midlog (MLP) or poststationary phase (PSP) using
centrifugation. Prior to lysis, the cells were resuspended
and washed three times with ammonium carbonate and
an EDTA solution. The cells were lysed using bead
beating with zirconium beads (0.1 mm) at 5000 rpms.
Prior to LC/MS analysis, the protein samples were
denatured and reduced with the addition of guandine-
HCl, urea, and dithiotheitol and boiled for three min.
Digestion of proteins was done by diluting the sample
ten-fold with a 50 mM ammonium carbonate and 30 g
of Promega sequencing grade trypsin. A 1.0 L of CaCl2
(1.0 M) was added to the sample and the digest was
carried out overnight at a temperature of 37 °C. The
digested sample was ultacentrifuged and dialyzed
overnight with a 500 MW cellulose ester membrane.
Additional details on the sample handling are given
elsewhere [26].
Reverse Phase Chromatography
Packed capillary LC separations were performed at
constant pressure using a (50 m i.d., 360 m o.d., 82
cm column) packed with 5 m Jupiter (Torrance, CA)
particles (300 Å pore size). The composition of the
mobile phase was varied during the LC separation by
utilizing a solvent gradient with two solvents A, B.
Solvent A is 0.2% acetic acid, 0.1%TFA, and water and
Solvent B is 90% acetonitrile, 10% water, and 0.1% TFA.
The gradient was 100% A at the start of the LC run and
was mixed using an exponential gradient over 4 h to a
final mobile phase composition of 90% B. The solvents
were delivered at a constant pressure of 9800 psi using
two Isco (Lincoln, NE) model 100 DM pumps. The flow
rate varied during the run but is approximately 200
nl/min. Under the conditions here, the LC separations
were typically 140 to 160 min in duration.
Mass Spectrometry
For most studies, a Micromass (Manchester, UK) Q-TOF
Ultima orthogonal time-of-flight mass spectrometer
was used. Detection events are acquired at 4 GHz rate.
For all measurements, the spectrometer was operated in
V mode with typical resolution of 104. The spectrum
integration time was 2.1 s and the interscan time was
0.1 s. The capillary LC eluent from the LC separation
was electrosprayed from a 150 m o.d., 30 m i.d. fused
silica capillary pulled to a narrow tip. All analyses were
performed using positive mode ESI using the Micro-
mass nanospray ion source (set at 120 °C). The mass
range acquired was between m/z 300 to 2000, resulting
in a pusher rate of 16 kHz.
Where additional verification using tandem mass
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spectrometry is needed, previously existing MS/MS
spectra acquired using an Applied Biosystems (Foster
City, CA) Qstar (Q-TOF) mass spectrometer were used
for sequence verification. Similar ESI conditions and
integration times as for the Micromass Ultima were
used. Because of the quality of these MS/MS data,
combined with the similar performance characteristics
two TOF instruments, it was deemed unnecessary to
reanalyze these peptides with MS/MS using the Ultima
instrument.
Centroid and Calibration
Data were acquired in centroid mode with the MassL-
ynx software (v 3.5) where the top 80% of the peak
distribution was used to determine the centroid. Other
parameters used are as follows: centroid threshold was
set to 5 counts and the minimum points were set to 3. A
deadtime correction employed within MassLynx was
used for all analyses to minimize mass measurement
errors for high intensity peaks (an Np multiplier setting
of 0.7 was used). While these initial processing steps
were performed in Mass Lynx, a significant portion of
the subsequent data analysis was performed using exter-
nal tools developed in our lab. Thus, data files containing
the mass spectral data for the entire LC run were
converted from Micromass to netCDF format, making
the data accessible to other data processing platforms.
External calibration was performed using a PEG
mixture and a fifth order nonlinear calibration for
fitting the known and observed m/z values. Although
this process gave good mass measurement accuracy
performance, temporal drift of the spectrometer often
required additional m/z calibration. Instead of introduc-
ing additional calibrant ions, an additional calibration
was performed by examining the mass error for two
peptides, GRPQPTPVVHTTTTEPR and TAPGEQGT
TLTTR, and adjusting the calibration formula if needed.
These peptides were selected arbitrarily and there is no
distinguishing feature in using these peptides other
than that they are abundant peptides which are rou-
tinely detected in D. radiodurans lysates. These peptides
were also verified with TOF-MS/MS experiments. Us-
ing multiple charge states determined for these pep-
tides provides a broad mass range for the calibration.
Although the two calibrant peptides only appeared in a
small subset of spectra from the entire run, the recali-
bration was applied globally using the surface calibra-
tion expression described elsewhere [28].
Normalized Elution Time
In order to facilitate the comparison of LC retention
times for peptides carried out over a series of capillary
LC analyses, we have previously described the use of
adjusted retention times or normalized elution times
(NET) [26]. In order to determine a NET value for a
particular monoisotopic mass (Mmi) obtained during an
LC run, the following eq is used:
NET(Mmi.) slope  elution timeMmi. offset (1)
The slope and offset are fit using a least squares proce-
dure with each acquired data set to minimize the error
of the NET values of the peptide in the AMT database
with the experimentally measured values. The NET
value is constrained to be a value from 0 to 1. The
normalized elution procedures have been implemented
in LaVD2G as part of our AMT tag database. In calcu-
lating a single NET value for peptides eluting in a range
of spectra, a collective grouping of peptides into uni-
versal mass classes (or UMCs) is done in the LaV2DG
program. In a UMC, neutral masses of presumed pep-
tide masses are grouped together if they elute in con-
secutive scans and are within a selected mass accuracy
so that adjacent (or with limited gaps) spectra are
grouped and attributed to a single eluting species. In
cases where it is more convenient to use a single NET
value instead of several values obtained over the elu-
tion profile of the peptide, UMCs provide a useful
method for measuring such values.
AMT Tag Database
The structure and data input of the accurate mass and
time tag database previously developed using LC-
FTICR instrumentation has been previously described
[22, 26]. The AMT tag database operationally utilizes a
Microsoft SQL server and contains information describ-
ing the peptide, ORF (open reading frame) reference,
mass spectral, separation, and other tracking and sam-
ple specific data. MS/MS spectra from D. radiodurans
cultured under a variety of different growth conditions
were obtained using a ThermoFinnigan (San Jose, CA)
LCQ ion trap mass spectrometer. Both full tryptic,
partial and non-trypic peptides were used to build the
database of peptides according to the SEQUEST criteria
given by Washburn et al. [9], although the final AMT
tag data base consisted of mainly tryptic peptides.
Because of elution time variability of capillary LC
separations, the NET values retained in the database
were calculated using a procedure which minimizes the
variance obtained for all AMT tag peptides based upon
a genetic algorithm. The typical average absolute devi-
ation of the NET value in the database to a measure-
ment from a single LC-MS analysis in the work was
0.027 NET units. Our studies have also indicated that
much greater accuracy for peptide NET values can be
achieved, primarily by the better control of separation
variables (such as temperature and sample matrix) and
by the incorporation of elution time internal calibrants.
Additionally, experience indicates that low abundance
peptides with more ideal peak shapes are preferable for
NET calibration. In this work, a tolerance of 0.05 (unless
otherwise stated) is used to account for the experimen-
tal variance of all AMT tags in our database.
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Results and Discussion
Existing AMT Tags for Deinococcus radiodurans
The genome of Deinococcus radiodurans has been com-
pletely sequenced, and the proteins expressed under
various environmental conditions have been studied. A
set of peptide AMT tags has been previously devel-
oped, where peptides are identified with both ion trap
MS/MS data and accurate mass measurement from
FTICR mass measurement [26]. The AMT tag database
for D. radiodurans consists of peptides that have been
previously detected, verified and are distinctive based
upon their mass and NET values. Previously we have
reported 6997 AMT tags that provide coverage of 1910
ORFs (61% of the predicted ORFs for D. radiodurans).
Our present database contains 12,600 AMT tag pep-
tides resulting from 1067 LC-MS/MS analysis and 1084
FT-ICR experiments. This set is approximately twelve
times smaller than the 153,000 peptides (by including
peptides having one missed tryptic cleavage site) from
a tryptic digest of the entire annotated genome.
To facilitate comparison of retention times for pep-
tides identified from different analyses, raw retention
times are converted to NETs using eq 1. Using the
normalized elution values, it is possible to account for
run-to-run variations that occur in the separations. For
example, if two LC columns of slightly different length
are used among several separations, the NET adjust-
ment will compensate for this difference via the slope in
eq 1. In the AMT tag approach, normalized elution time
(NET) information, built from a series of LC-MS/MS
analyses, is utilized and provides an additional con-
straint to increase the specificity of peptide identifica-
tions from the AMT tag database. The distribution of
peptide mass and NET values from the AMT tag
database is shown in Figure 1. The NET values range
from 0 to 1 and the mass range extends to a maximum
of 6000 Da.
Mass Accuracy and Elution Time Information
With TOF mass spectrometry under ideal operating
conditions and using internal calibration, accuracies of
about 5 ppm are presently achievable. Because an
internal mass calibrant was not introduced into each
spectrum, recalibration was done using a small number
of analyte peptides and applied globally to all the
spectra in the LC analysis. Typical mass errors for seven
peptides from the abundant D. radiodurans protein
elongation factor TU were determined and are shown in
Figure 1. A two-dimensional display depicting the distribution of the 12,600 AMT tag masses and
NETs determined from previous LCQ and FTICR experiments.
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Figure 2. For these seven peptides, MS/MS data was
utilized to obtain additional sequence confirmation.
With the abundance of many of these peptides span-
ning two orders of magnitude, the mass measurement
errors would reflect both detector dead-time effects and
low peak statistics. From the data in Figure 2 it can be
seen that most of the lower molecular weight peptides
have spreads in error that are less than 5 ppm. All
peptide measurements were within a 10 ppm error
tolerance. The errors for the same peptides are signifi-
cantly larger without the recalibration procedure,
where errors otherwise ranged from 30 to 10 ppm.
One question in using capillary LC MS/MS experi-
ments and FT-ICR (or reflectron TOF) spectrometers is
whether the accurate mass measurement capability of
the mass spectrometer is sufficient for unambiguous
identification, or are both accurate mass and retention
information needed. There is no single answer to this
question; the needed information depends upon the
complexity of the system, the specific peptides, and
other factors such as sensitivity, the presence of con-
taminants, etc. In Figure 3, peptides detected from a LC
analysis of D. radiodurans are shown in a 2-dimensional
plot where the monoisotopic ion mass, Mmi, is plotted
on the vertical axis and NET on the horizontal axis. Two
nominally isobaric peptides are highlighted. These pep-
tides have equal mass values within 4 ppm, yet are
clearly distinguishable on the separation axis. Also
shown are boxes denoting the expected location of any
AMT tags using the Mmi and the NET information from
the AMT tag database. The width of the box corre-
sponds to a deviation of0.027 NET units; smaller than
the 0.05 tolerance applied in this work. Because the two
peaks at m/z 1666.8 are separated well outside the
expected error range, they can both be uniquely iden-
tified with ease when NET information is considered.
This result highlights the desirability of using retention
time information with accurate mass identification,
where even for a simple prokaryotic organism both
pieces of information are needed for unambiguous
peptide identification. For eukaryotic organisms, where
unique identification at 1 ppm is generally insufficient,
the use of retention time information will be even more
important.
The utility of the previously developed AMT tag
database in making identifications is evident from Fig-
ure 4, which shows one spectrum obtained from an
LC-MS analysis of a global D. radiodurans tryptic digest.
Figure 4 shows possible peptide matches to one peak
based upon peptides predicted from the annotated
genome (i.e., a match is made if the difference between
the experimental mass to that calculated from an in
silico tryptic digest of D. radiodurans proteins is within a
certain tolerance). For the intense peak in the spectrum
(at m/z 699.901) a search with a tolerance of 10 ppm
results in a match to 20 possible peptides. Similar
results are obtained if most other peaks in the spectrum
are searched against the entire set of possible D. radio-
durans peptides. In contrast, this peak could be assigned
to a specific peptide using NET information, as shown
in Figure 5. All matches in Figure 5 were identified
based on an agreement between the measured mass and
predicted mass of 10 ppm and 0.05 between the mea-
sured NET (eq 1) for a peptide in the database. For 17 of
the peaks one unique peptide can be matched per peak,
however two other peaks were each attributable to two
peptides. The 17 unique matches can serve as high
confidence markers of the parent protein and can also
be used for quantitative protein measurements. The two
peaks each matching two peptides may still provide
useful information (e.g., based upon detection of other
peptides form their parent ORFs), but at present this
information is not being utilized.
Using Ambiguous Mass Values to Obtain AMT
Tag Identifications
Because of the complexity of the LC-MS data and
proteome to which it is matched, ambiguities in peptide
assignments can occur in many different ways. In
Figure 6, a simplified LC-MS analysis is shown, along
Figure 2. Mass Errors determined for seven peptides from the
abundant D. radiodurans protein elongation factor TU. Unadjusted
(a), and adjusted (b), m/z values were determined by calculating
the deviations from the actual mass for these peptides, in ppm.
The results in (a) represent accuracies obtained from external
calibrations.
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with information from several stages of data analysis.
From an LC analysis, one peptide ID will typically
occur in a set of several spectra during the separation.
In Figure 6, the peptide NASGEVIALAK occurs in three
consecutive spectra and is only counted once. Each
peptide has a chromatographic peak width that must be
accounted for by the software making the AMT tag
identifications. Another level of ambiguity occurs when
two peptides can be assigned to one mass value and
such a case occurs in Figure 6 for FTQAPELGDAIEPGK
and IEDLGDRAVFPGR. Although the ion trap-MS/MS
identifications were found uniquely for these latter two
peptides when the AMT tag database was constructed,
the nearly similar mass and NET values for these
peptides makes them difficult to distinguish using the
present mass accuracy and elution time normalization
routines from LC-MS data only. Thus, in Figure 6,
FTQAPELGDAIEPGK and IEDLGDRAVFPGR are non-
unique matches, while the peptide NASGEVIALAK is
unique (and designated an AMT tag). For a peptide to
be an AMT tag in the present context, it must correspond
to a single unique peptide and point to a single ORF.
One analysis of the D. radiodurans proteome grown
under post-stationary phase (PSP) conditions, and two
under midlog phase (MLP) conditions were performed
(with no difference in sample preparation between
MLP-1 and MLP-2). These three LC-TOF MS runs were
processed to determine the monoisotopic peptide ion
masses for each spectrum. Initially, a set of m/z values
were obtained from each spectrum and the charge
states are determined from their respective 13C-isotopic
patterns. Because a theoretical 13C-isotope pattern for a
peptide can be adequately predicted using an averaging
based model [29], most “non-peptide-like” analytes can
be eliminated based on the lack of agreement between
the observed and predicted isotopic pattern, given
sufficient S/N. Once the list is filtered so as to contain
only likely peptide peaks, the monoisotopic ion mass is
generated (based on the assumption that the peptide
detected is protonated) from the monoisotopic m/z and
charge state, and 13C enriched (isotopic) peaks are
eliminated from further consideration. This process is
carried out iteratively for all spectra in the LC analysis.
Two questions to be considered are: (1) What is the
ability of LC-TOF-MS to resolve a complex mixture of
analytes, and (2) how effectively can unique identifica-
tions be made against a database of AMT tag peptide
masses and NET values developed using other instru-
mentation. The total number of monoisotopic peptide
masses (Mmi) obtained from three LC runs is listed in
Table 1. The total number of peptide masses measured
from an analysis gives an indication of how well an
LC-MS spectrum can resolve a complex mixture. It is
difficult to establish a maximum for the number of Mmi
Figure 3. A small region of a two dimensional display obtained from a TOF-MS analysis of D.
radiodurans. Each spot corresponds to a peptide Mmi measurement obtained during the LC separation
(0.01 NET is 54 s). The boxes depict where peptides are expected to elute based on the NET values
for peptides in the AMT tag database and a 0.027 range in this NET value. The height of the boxes,
exaggerated to make them visually perceptable, correspond to a 100 ppm accuracy range.
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values that could potentially be determined from a
complex mixture of proteins from a cellular lysate, since
the concentrations of the proteins vary considerably
and the actual number detectable is unknown. How-
ever, the number of peptide Mmi values can be used in
a comparative sense to other methods and, clearly, the
larger this value the deeper one can delve into the
proteome for an organism.
The number of mass classes, defined as a group of
similar peptide masses that are observed in consecutive
spectra were also determined. Because many peptides
are observed to elute over several spectra (LLDSG-
MAGDNVGVLLR shown in Figure 1, was over 53
spectra), these “unique mass classes” (UMCs) closely
correspond to the number of distinct peptides deter-
mined in an LC-MS analysis. The number of UMCs is a
better indicator of the complexity of the D. radiodurans
sample since the number peptide Mmi values can be
inflated by a small number of highly abundant peptides
eluting over an extended period.
All Mmi values were searched against the AMT tag
database (based upon 10 ppm and 0.05 NET agreement)
and matches were obtained for some of them. The total
number of Mmi that were matched to an AMT tag
peptide ranged from 26,000 to 36,000 for the three
analyses in Table 1 (i.e., approximately 20% of the total
number of Mmi values). When grouped by UMCs, these
identifications covered approximately 3500 AMT tag
peptides, when both unique and non-unique matches
are considered. This number is especially large when
compared to a single LC-MS/MS run performed on a
quadruple ion trap, where 300–500 identifications typ-
ically occur. Thus, the resolution and accuracy of TOF
MS instrumentation provides the ability to measure an
order of magnitude higher peptides than a comparable
MS/MS ion trap analysis.
The number of AMT tags uniquely assignable in the
present study from the three D. radiodurans analysis was
also determined (Table 2). From the average of the three
samples, unique AMT tag assignments were obtained
for88% of all peptides that were assigned by the AMT
tag database search. The number of UMC peptides
matched to two or more peptides are also given in the
table. Although these non-unique peptide identifica-
tions are of somewhat lesser value than the unique
AMT tag identifications, they still provide some infor-
mation on the identity of the proteins contained in the
sample. Dual matches make up the majority of the
non-unique identifications.
In this work, the compatibility of accurate TOF mass
measurements of peptides using an AMT tag database
built up from high field FTICR measurements has been
Figure 4. A spectrum from a capillary LC analysis of D. radiodurans where one peak is identified
using the annotated genome of D. radiodurans with the only constraint that a mass agreement be
within 10 ppm. Only four of the peptides listed are part of the AMT tag database and these are
underlined and italicized.
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demonstrated. In these measurements, very similar
chromatographic techniques have been applied in both
the previous FTICR measurements and the present TOF
analyses, and consequently the use of retention time
criteria (0.05 NET in this work) should be similar.
However, the mass accuracies obtained by TOF differ
from those of FTICR measurements, and a systematic
study of the impact of different ppm tolerances on the
number of peptide identifications was performed. At-
tention was given to both the crude number of identi-
fications and the fraction of these that are unique and
useful AMT tags in LC-TOF analyses. Table 3 shows the
number of peptide identifications using a range of mass
accuracies from 1 to 12.5 ppm and a NET constraint of
0.05. Using 1 ppm accuracy, nearly all identified
peptides are effective AMT tags. The number of identi-
fied peptides appears to plateau when tolerances of10
ppm are used and at this level a considerable fraction of
the peptides are not unique. The data in Table 3 suggest
that an accuracy of between 5 and 10 ppm is optimum
in obtaining a large number of matches to the AMT
database with limited trade-off in obtaining an exces-
sive number of non-unique matches. This observation is
completely consistent with our determination of the
errors associated with the mass measurements (i.e.,10
ppm).
A similar study was performed by fixing the mass
accuracy criteria at (10 ppm) and varying the NET
tolerance criteria from 0.03 to 0.07. In contrast to what
was seen for mass accuracy, the number of matches
increases linearly with increasing NET value due to the
different nature of NET values. However, the number
of non-unique identifications become a large fraction of
the total number of identification when NET values
exceeding 0.05 are used. Similar results were found for
the other LC-TOF analyses.
ORF Coverage
The number of predicted proteins (or ORFs) based upon
at least one detected peptide is given for the three LC
analyses in Table 4. The 900 ORFs detected based
upon at least one AMT tag, corresponds to 30% of the
3116 proteins predicted for D. radiodurans. From these
results, it is evident that a large fraction of the proteome
of D. radiodurans can be analyzed in a single experiment.
Figure 5. Same mass spectrum as shown in Figure 4, except that identifications are performed using
the AMT tag database (within 10 ppm mass and 0.05 NET agreement). In most cases, unique
identification of a peak can be made by the search of the AMT tag database. In the case where more
than one peak is matched to the database, both matches are shown and separated by an “or”,
demonstrating that the search cannot distinguish between the two choices.
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As shown in Table 3, changes in both the assumed
mass and NET accuracy impact results, it is clear that
the 900 ORFs identified include “false positives”. To
increase the confidence of identifications one can either
increase the specificity of the separation (e.g., NET
value) or the mass measurements, or alternatively uti-
lize multiple AMT tags for each identification. To see
how such a more restrictive criteria affects the number
of identified ORFs, an additional search of data against
the AMT tag data set was done with a constraint of
having at least two AMT tags for ORF identification. In
this case, the number of identified ORFs decreases to
550, but clearly constitutes a set of proteins identified
with much greater confidence. However, we believe
that some of the decrease is most likely due to the effect
of protein concentration on the number of detectable
peptide tags rather than the unreliable ORF identifica-
tion. Consistent with this, the number of identified
Figure 6. A small set of spectra from a hypothetical LC-MS analysis showing information from the
mass spectra and how it refers to protein identifications. Initially, monoisotopic mass values (Mmi) are
obtained from the thousands of spectra obtained from an LC-MS analysis. With knowledge of the NET
values derived from retention times, peptide and AMT tag identifications can then be made. To
efficiently perform AMT tag identifications it is important to deal with the multiplicity of Mmi values
per AMT tag and distinguish non-unique peptide matches from unique AMT tags. Once AMT tags are
established they can be used to obtain qualitative or quantitative information on proteins.
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ORFs that are common between all three data sets is
788, indicating that a large fraction of the ORF identifi-
cations are occurring reproducibly.
Another test of reproducibility is to tally the number
of AMT tags determined for each ORF and compare
them among the LC-TOF analyses. In Figure 7, the 70
ORFs with the most AMT tags are shown along with the
number of tags identified from each of the three anal-
yses. In general the deviation between the different runs
is about 2 AMT tags for the ORFs displayed in Figure 7,
while for ORFs that have five or less tags the deviation
is in general on the level of a single AMT tag. These
results indicate that protein expression (or quantitation
experiments) can be performed on a mixture of hun-
dreds up to one thousand proteins in one LC-TOF MS
analysis in a reliable fashion.
Matches Against a S. oneidensis Database
A database for the prokaryoitc organism Shewenella
oneidensis has been constructed using the LCQ and
FT-ICR results in a similar way as for D. Radiodurans.
This database was used to perform AMT peptide
searches with D. radiodurans lysate LC-TOF analysis to
determine the number of false positive matches that
could occur with the separation and mass accuracy
conditions used in this work. Using the S. oneidensis that
contains 7760 AMT peptides, 547 AMT tags were deter-
mined using D. radiodurans lysate LC-TOF analysis
MM, MLP (run 1), and a 10 ppm, 0.05 NET tolerence.
The AMT tags are contained in 312 ORFs, and yet if a
stricter ORF identification criterion of two tags per ORF
is required, the number of identified ORFs is reduced to
102. Three AMT tags have the same peptide composi-
tion between the two D. radiodurans and S. oneidensis
matches, indicating that sequence similarity between
these two organisms does not by itself explain the
number of matched ORFs. Although the number of ID
ORFs with the false positive database is significantly
smaller (by a factor of five and a half for the ORF ID
with two AMT tags), these results indicate that using 10
ppm and 0.05 NET tolerence permits overlap between
different peptides from different organisms. Improve-
ments in mass calibration and elution time algorithms
would aid in reducing false positives even further.
Conclusions
The peptide identification approach developed in this
work enables high-throughput identification of pep-
tides using time-of-flight mass spectrometry and high
performance liquid chromatography. We have demon-
strated the ability to use on an existing database built
from a series of MS/MS experiments and accurate mass
verification obtained using other (i.e., FTICR) instru-
mentation. However, subsequent measurements for the
proteome of this organism can be made using NET
information and reasonable mass accuracy require-
ments. While MS/MS experiments are important for
identification, the number of peptides that elute during
a typical analysis at almost any time far exceeds the
ability of most mass spectrometers to perform MS/MS
experiments on them. Once an AMT tag database of
Table 1. Number of peptide neutral masses and AMT tag
peptide hits for three D. radiodurans whole proteome tryptic
digest analyses
Samplea Total peptidesb UMCsc Peptide matches
MM, MLP(1) 209,989 62,301 3561
MM, PSP 154,942 48,727 3592
MM, MLP(2)d 138,263 44,746 3431
aMM  Minimal media, MLP  mid-log phase, PSP  post stationary
phase.
bThe sum of all distinctive peptide masses over all spectra.
cUnique mass classes based upon a grouping of all detected masses
that correspond to apparent elution of a distinguishable species.
dNo TDC threshold used for this analysis.
Table 2. Breakdown of the number of instances where one or
multiple peptide matches (n  1, 2, 3, 4) to a single UMC are
found in three LC analyses
n 1 2 3 4
MM, MLP(1)a 3037 344 46 4
MM, PSP 3100 439 43 10
MM, MLP(2)b 3154 360 45 2
Average 87.8% 10.8% 1.2% 0.2%
aMM  Minimal media, MLP  mid-log phase, PSP  post stationary
phase.
bNo TDC threshold used for this analysis.
Table 3. Total number of AMT tag peptide matches, including
non unique matches, and AMT tags obtained for MM, MLP
(run 1: see Table 2) using different mass accuracies
Matches AMT tags
ppma
1 1357 1286
2.5 2053 1937
5 2769 2553
7.5 3270 2946
10 3561 3154
12.5 3988 3431
NETb
0.03 2561 2342
0.04 3100 2792
0.05 3561 3154
0.06 4216 3667
0.07 4885 4178
ausing a 0.05 NET criteria.
busing a 10 ppm mass accuracy criteria.
Table 4. ORFs identified from LC-MS analyses using peptide
AMT tags for different numbers of AMT tags per ORF (see text)
Sample 1 AMT tags 2 AMT tags per ORFa
MM, MLP(1) 945 558
MM, PSP 935 548
MM, MLP(2) 885 532
aMultiple AMT tags provides a higher level of confidence
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peptides has been developed to contain sufficient num-
ber of proteins, i.e., proteome coverage, additional
experiments, i.e., quantification of protein levels, can be
performed by using the AMT tag identification from a
single LC-MS analysis.
The results present here indicate that unique identi-
fication of a peptide sequence to monoisotopic mass
and elution time in an LC-TOF MS analysis occurs in a
majority of cases (90% of the time). With stricter mass
accuracy criteria and improved use of elution time
information, this ratio can be further improved. These
result were obtained for the organism D. radiodurans
which has relatively small proteome compared to other
sequenced organisms. These results can be extended to
more complex organisms (having both larger number of
ORFs and post-translationally modified versions of
these ORFs) by performing additional separation di-
mensions to address the greater peptide mixture com-
plexity. The methods demonstrated here will be further
improved and extended by anticipated advances in the
quality of mass measurements and the accuracy of
elution time information.
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